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Résumé. — Les mécanismes de vieillissement statique et dynamique qui sont caractéristiques des
alliages dilués aux températures intermédiaires sont rappelés. L’accent est mis sur la réduction de
ductilité qui résulte-de la réduction de la sensibilité a la vitesse provoquée par le vieillissement
dynamique. L’influence de la déformation et de la vitesse de déformation sur le vieillissement
statique et dynamique ainsi que sur I’effet Portevin-Le Chatelier sont discutées et illustrées par
des exemples portant sur divers alliages, en particulier les alliages avancés & base d’aluminium.

Abstract. — The mechanisms of static and dynamic strain ageing which occur in dilute alloys at
moderate temperatures are briefly surveyed. Emphasis is put on the reduction of ductility which
follows from the reduction in strain rate sensitivity caused by dynamic strain ageing. Strain and
strain rate effects associated with static and dynamic strain ageing and with the Portevin-Le
Chaételier effect are discussed with reference to a variety of alloys, in particular to advanced
aluminium based alloys.

1. Introduction.

Dynamic strain ageing (DSA), static strain ageing (SSA) and the Portevin-Le Chatelier
(PLC) effect are related phenomena which occur in dilute alloys at medium temperatures.
Their detrimental effect on the mechanical performance of materials has been noticed already
long ago. The underlying physical mechanisms have been the object of many academic studies
and of some long-standing controversies. In the last decade the degree of understanding of
discontinuous plastic flow (the PLC effect) has significantly advanced through a better
modelling of the causes and consequences of the instability mechanisms. In parallel, the
mechanisms of static and dynamic strain ageing have been reexamined and earlier
interpretations have been revised. The elaboration of new classes of metallic alloys which
also happen to exhibit these phenomena has caused a revival of interest to them, but the
strong influence that solute species may have on the mechanical response is still largely
underestimated or even ignored. This is particularly the case with DSA effects which do not
manifest themselves as serrations on the stress strain curves, so that they can easily remain
unnoticed.

This brief survey focusses on the following points. DSA, whose microstructural aspects are
recalled in section 2, is a quite general phenomenon. Its occurrence is associated with a few
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characteristic features, whatever the alloy considered, in particular with a significant
reduction in the strain rate sensitivity (SRS). In section 3 the relation between the SRS and
the ductility is examined through several practical examples. The strain dependence of DSA
and SSA is considered in section 4, together with the critical strains for the PLC effect.
Section 5 deals with strain rate effects, and an excursion is made into a related domain viz.
that of stick-slip and solid friction in composite materials. In what follows we will not refer
extensively to the bulk of existing literature, most of the examples illustrating recent results
obtained on advanced materials, particularly aluminium based alloys. More detail can be
found in two recent articles which review experimental and theoretical aspects, recent
advancements and questions still under investigation (1, 2].

2. Basic mechanisms.

At temperatures of the order of 0.3 T,, (T, . melting temperature), solute atoms are able to
diffuse over short distances and to pin mobile dislocations. A kind of resonance phenomenon
occurs when the mobility of the solute species is of the same order as the dislocation velocity.
In the early models, dislocations were assumed to move in a viscous manner. This led to a
numerical inconsistency, i.e., a too low value of solute diffusivity in particular in substitutional
alloys. To resolve this inconsistency, Cottrell [3] proposed that the diffusivity of substitutional
solutes is enhanced by vacancies created during plastic flow in excess of thermal equilibrium.
Classically, this vacancy concentration is assumed to increase monotonically with strain :
¢, =~ 10~* ¢ [4]. More generally, some power of strain is often assumed.

In more recent elaborations, starting with the work of McCormick [5] and van-den Beukel
[6], dislocations were assumed to move in a jerky manner. Thermally activated jumps through
forest obstacles alternate in time with free-flight motion between two such obstacles. In this
view, DSA occurs during a waiting time, i.e., while the dislocations are temporarily arrested
by other («forest») dislocations piercing through their slip plane. According to some
authors, including van den Beukel [6], the « vacancy hypothesis » is still needed to account for
the properties of substitutional alloys, while for some others [7, 8] a transfer of solute atoms to
the pinning points can occur by pipe diffusion along forest dislocations. Arguments have been
presented in favour of one or the other of these two hypotheses [9] but no crucial proof has
been delivered as yet. We return to this gquestion in section 4.

According to Orowan’s law, the applied strain rate can be written in the form :

é=pmb(A/tw)="Q/twa @

where p, is the density of mobile dislocations, b is the magnitude of their Burgers vector, A is
the mean distance between forest obstacles, related to the density p; of forest dislocations via
A = pi Y% and 1, is the waiting time associated with the thermally activated cutting through
forest obstacles. The quantity 2 = bp,, pi ' is the elementary strain imcrement obtained
when all the mobile dislocations simultaneously undergo a successfull activation event.
Assuming for the moment that {2 is a constant, the waiting time is inversely proportional to
the strain rate. Figure 1 shows a simple diagrammatic explanation of dynamic strain ageing
effects (after Kocks [10]). The glide resistance is drawn as a function of the waiting time or of
the applied strain rate and it is made up of two contributions. One (activation) accounts for
the normal activation of flow processes and it decreases with increasing waiting time or
decreasing strain rate. The second one (ageing) describes the diffusion of solute atoms
towards the arrested dislocations and the resulting hardening which is usually taken to be a
function of ¢ and Dt,, where ¢ is the volume concentration of solute atoms and D their
diffusion coefficient. Given the temperature and the concentration, ageing effects increase
with increasing waiting times and saturate to some maximum value (cf. Fig. 14, below).
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Fig. 1. — Decomposition of the glide resistance o into two components, activation and aging, which
have opposite dependences on strain rate, €, or waiting time z,,.
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Fig. 2. — The temperature dependence of the yield stress in titanium containing 3 000 ppm of oxygen
and in two Ti-Y alloys. Notice the plateau between 600 K and 700 K. After Perrier [12].

Fig. 3. — (Schematic) The domain of occurrence of dynamic strain ageing and of the PLC effect in the
plane (inverse waiting time, ¢;'; temperature 7).

s fwo»

Therefore the slope of the total glide resistance vs. the strain rate, which is normally positive,
is decreased and may even become negative within a range of waiting times or strain rates. It
follows from figure 1 that the total strain rate sensitivity ('), § = (30 /3 In £), is reduced by
ageing effects and may become negative. The combination of ageing and activation
mechanisms can be expressed in several different forms. In what follows we adopt the
assumption [10] that the mentioned components of glide resistance are additive :

O = O yetivation + a'ageing(c’ th) (2)

() More strictly, the SRS is defined as the corresponding derivative taken at constant state [10]. The
definition used here is, however, appropriate for constant strain rate testing followed by a strain rate
jump test for which the « state » is represented by the plastic strain.
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By combining eqgs. (1) and (2) and eliminating the waiting time, one obtains a constitutive
equation which serves as a basis for further modelling [2].

From these considerations we can draw a demarcation line between two related but
different phenomena. Dynamic strain ageing can be considered effective when an anomaly
appears in the flow stress vs. strain rate or temperature dependence, accompanied by a
reduction in SRS. The anomaly in flow stiress is thought to be responsible for the so-called
plateau observed at medium temperatures in dilute alloys and impure metals (cf. Fig. 2 and
below). As long as the SRS remains positive, plastic flow is uniform. Given the strain rate, the
domain of the occurrence of DSA is limited by two temperatures, one below which the
diffusion of solute atoms is too slow to allow for dynamic pinning, and the other at which the
dislocation lines are permanently saturated with solute atoms. Thus, in the plane (inverse
waiting time, temperature) the domain of the occurrence of DSA is indicated by the area
enclosed by a « diffuse » boundary, as shown schematically in figure 3. This area may extend
over several decades of waiting times.

Within the range of existence of DSA, the SRS may become negative which provides
conditions for the occurrence of the PLC effect. Thus, the PLC effect is observed within a
subdomain of the DSA domain. The boundary of this subdomain can be roughly represented
by the condition S = 0, though in practice the onset of the PLC effect is often associated with
S dropping below a finite negative value. Within the PLC domain deformation curves are
serrated and in some favourable cases a propagating pattern of deformation bands can be
visualized. The reader is referred to reference 2 for a detailed analysis of the relation between
the SRS turning negative and the occurrence of plastic instabilities and strain localizations.
Here, we just recall that as soon as this critical condition is fulfilled, any local fluctuation in
strain rate is bound to increase in amplitude so that uniform plastic deformation is necessarily
unstable.

A careful analysis is needed to characterize the occurrence of DSA when the SRS is
positive. We illustrate this point by the two examples of figures 2 and 4. Figure 2 shows the
temperature dependence of the yield stress in impure titanium and in two titanium alloys
containing yttrium [11, 12]. Oxygen is known to be responsible for DSA and the PLC effect in
impure Ti, and its total concentration in the non-alloyed Ti as well as in the alloys is about
3 000 ppm. More surprising is the observation of plateaus in the yield stress vs. temperature
curves of the two alloys since most of the oxygen should be trapped by yttrium to form Y,0,
particles. Actually there seems to be a small residual oxygen concentration in the matrix,
which is estimated to be of the order of one to a few hundred ppm and this is apparently large
enough to produce an observable effect.

Figure 4 shows the temperature dependence of the flow stress and of the SRS in an Al-Fe-
V-Si alloy produced by rapid solidification techniques. There is a small anomaly in the flow
stress vs. temperature dependence but the dip in SRS is a clear indication of the occurrence of
DSA [13]. In « classical » aluminium alloys (e.g. alloys containing Mg, Cu, Zn...), the domain
of the occurrence of DSA and of the PLC effect is centered around room temperature, while
in the present case DSA appears close to 400 K. The reason is that the diffusing species is
probably Fe, a transition element whose diffusivity in Al is much smaller than that of
« normal » alloying elements. Although this is not quite apparent in figure 4, there is another
SRS hole just below room temperature [14] which can only be caused by a « normal »
diffusing element. This element can be identified with silicon which, indeed, has been shown
recently to induce jerky flow in binary Al-Si alloys around room temperature [15].
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Fig. 4. — The temperature dependence of the yield stress, o, and of the strain rate sensitivity, S,
(measured at 2 % strain) in an Al-Fe-V-Si alloy drawn in the transverse direction with an applied strain
rate of 5 x 10~ % s™!. Notice the reduction in strain rate sensitivity around 400 K and the slight hump in
the flow stress above 400 K. After Bouchaud ez al. [13].

3. Strain rate sensitivity and ductility.

At a phenomenological level, the ductility of a material can be understood in terms of two
(evolutionary) quantities [16] : the strain hardening coefficient, 4, or equivalently the reduced
quantity n = /o, and the SRS, S, or the strain rate sensitivity index () m = S/o. The SRS
plays in a solid the role of the viscosity in a fluid : it opposes any increase in strain rate inside
the material. Therefore, a high value of the SRS both promotes uniform deformation by
delaying the onset of necking and inhibits the growth of strain localizations in the post-
necking domain [17]. Conversely, a reduction in SRS, whatever its cause, may affect the
ductility in two different ways. If the SRS is positive but small, the tendency to localization
and the growth rate of heterogeneities will be enhanced. If the SRS becomes negative, the
specimen is able to deform at increasing strain rates under decreasing stresses, i.e.
spontaneous localization occurs. These qualitative arguments are not easily brought into
analytic form because % as well as S usually evolve with strain and the post-localization
behaviour involves multiaxial stress states.

Figure 5, reproduced from reference [18] illustrates very clearly the correlation which exists
between the strain at rupture and the strain rate sensitivity index m in non-strain hardening
materials (2 = 0). In figure 6 are plotted several calculated engineering stress-strain curves at
a constant cross-head speed for model sheet specimens whose constitutive equation is defined

(3 This notation, common in the literature on formability is at variance with the one used in
constitutive modelling where the inverse quantity is usually denoted by .
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Fig. 5. — Correlation between the strain rate sensitivity index m and the elongation at rupture,

e, for a variety of materials. After Woodford [16].
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Fig. 6. — The dependence of the calculated engineering stress-strain curves on the value of the strain
rate sensitivity index m, for sheet specimens containing an initial imperfection. The arrows indicate the
position of the maximum load. After Ghosh [17].

through two coefficients m and »n [19]. Here m is variable, n = 0.1 and the specimens initially
contain a small geometric imperfection. For increasing positive values of m a very significant
increase in elongation is obtained beyond the maximum load. In the same work and for
slightly negative values of m, serrations were obtained on the deformation curves at and
beyond the maximum load. For sufficiently negative values of m it was found that the uniform
strain may reduce to values lower than n, in some analogy with Hart’s criterion [20].
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Generally, it can be expected that the effect of the negativeness of the SRS should be
qualitatively different from the one predicted by just extrapolating the plots of figure 6 into
the negative region. Indeed, the very character of plastic deformation changes here from
uniform to band-like. Thus, with regard to DSA mechanisms, we see that the resulting
decrease in SRS within a certain temperature range must be accompanied by a reduction of
the elongation to rupture, the effect being larger in the PLC range. This seems to be the most
convincing explanation for a ductility dip found in many alloys at intermediate temperatures.
As an example, figure 7 shows the elongation to rupture of a rapidly solidified Al-Cr-Zr alloy
as a function of temperature (after [13]). A « ductility hole » occurs near 500 K, while the
SRS, as measured at 1 % strain, exhibits a minimum at 450 K, indicating a correlation. The
concentrations of Cr and Zr dissolved in the aluminium matrix were measured by atom-probe
microanalysis and both were of the order of 0.3 at%, i.e., values which are certainly sufficient
to induce DSA. Therefore, in such alloys DSA effects, which are caused by slow-diffusing
transition elements, tend to reduce the ductility precisely in the domain of temperatures of
practical interest.

25T . '

0 b

100 200 300 400 500 600 700

Fig. 7. — The total elongation at rupture, ¢, vs. temperature in an Al-Cr-Zr alloy strained in the long
direction with an applied strain rate of 5 x 10~ °s~! Notice the ductility hole around 500 K. After
Bouchaud et al. [13].

This embrittlement effect of DSA, which is similar to the « blue brittleness » of steels [21],
should be expected to be observed in most modern aluminium alloys like the rapidly solidified
alloys containing dissolved transition elements well above the solubility limit or the
aluminium-lithium alloys which will be considered below. Unfortunately, few detailed
analyses taking into account DSA effects or investigating strain rate effects have been
performed for these materials to date. Thus, we conclude this section with an example drawn
from a classical alloy [22]. Figure 8 shows the strain rate dependence of the ultimate tensile
stress of an Al-Zn-Mg alloy at several temperatures. At the liquid nitrogen temperature the
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rate sensitivity is positive and it turns negative at and slightly above room temperature which
is accompanied by the appearance of serrations on the deformation curves and by a decrease
of the elongation to rupture. Figure 9, reproduced from the same work, shows the
displacement vs. time curve of a notched specimen of Al-Zn-Mg during a bend test performed
at room temperature and at a constant loading rate. A stepped deformation curve is
characteristic of the PLC effect with constant loading rate and the last elongation burst leads
to a catastrophic type of shear failure. This particular rupture mode occurs at or just beyond
the maximum load and appears to be connected with continued activity in the PLC bands
ahead of the notch.

350 +UTS -196 °C ) Al
A —
(MPa) -~ (mm) 8
J- - .. 7'6
300 ._-%20 °C
Z 14
%@4 °C
] Y . 12
20 1 85°C ™., £(s-1) t (min)
E— : + P ———t— 0
107 104 10 3 10 2 0 20 40 60 80
Fig. 8. Fig. 9.

Fig. 8. — The strain rate dependence of the ultimate tensile stress in Al-Zn-Mg specimens at various
temperatures. The negative slopes are associated with jerky flow. After King, You and Knott [21].

Fig. 9. — Displacement vs. time curve at room temperature for an Al-Zn-Mg notched specimen tested
in bending with a constant loading rate at room temperature. After King, You and Knott [22].

4. Strain effects.

Strain effects are inherent in the mechanisms of dynamic and static strain ageing. Figure 10
shows the strain dependence of the SRS in impure titanium (which is further referred to as
Ti-O), after Perrier [12]. At 773 K, the SRS monotonically increases with strain, which is a
«normal » behaviour in the absence of DSA. (In fcc metals, for instance, the SRS is
proportional to the flow stress which dependence is referred to as the Cottrell-Stokes law.) At
673 K, the SRS first decreases, passes through a minimum and then increases. This initial
decrease in SRS, which has been observed in many substitutional and interstitial alloys, and
which may extend over large strain intervals (0.1-0.2), is characteristic of DSA and indicates
that ageing effects are enhanced by plastic strain.

A similar effect is observed during static strain ageing tests. During such tests, the specimen
is unloaded and maintained under zero stress during a prescribed time interval. Upon
reloading, a yield point is observed whose amplitude increases with both ageing time and
prestrain (or flow stress). This is illustrated by figures 11 and 12 which refer to two interstitial
alloys : Ni-C [23] and Ti-O [12], respectively. The relation between static and dynamic strain
ageing is simply that in the first case the ageing time is prescribed, while in the second one the
waiting time is indirectly prescribed by the plastic strain rate.
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Fig. 10. — Strain dependence of the strain rate sensitivity in Ti—O. After Perrier [12].
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Fig. 11. — Flow stress dependence of the stress increment upon static ageing in a Ni-0.2 at.%C alloy for
several ageing times at 453 K. After Kocks, Cook and Mulford [23].

Fig. 12. — Strain dependence of the static ageing peak in Ti-O for several ageing times at 673 K. After
Perrier [12].

According to the classical models, these strain effects can be explained by the increase in
vacancy supersaturation caused by plastic flow which enhances the diffusivity of solute atoms.
However, as first noticed by Kocks, Cook and Mulford in their investigation of a Ni-C alloy
[23], vacancies play no role in the diffusion of interstitial atoms while the strain dependence is
still present (cf. Figs. 11 and 12). In the model proposed by Mulford and Kocks [9], it is
assumed that ageing effects influence the strength of the dislocation-dislocation interactions,
rather than the interaction between solute atoms and dislocations.

There seems to be, however, a simpler explanation which relies on the strain dependence of
the densities of mobile and forest dislocations [24]. These two densities come into play
through the quantity 2 = bp,, p; ' defined in section2 (cf. Eq.(1)). A typical strain
dependence of (2 is represented in figure 13, where typical numerical values are indicated.
This non-monotonic behaviour can be understood as follows : at small strains, the strain
dependence of 2 is essentially governed by a strong increase in the density of mobile
dislocations. At larger strains, the mobile density progressively saturates while the forest
density further increases and then saturates in its turn. {2 passes through a maximum and then
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Fig. 13. — Strain dependence of the elementary strain increment (2 obtained when all mobile

dislocations perform a successfull thermally activated jump. The dotted line indicates the asymptotic
value reached at large strains. Numerical values are typical of an aluminium alloy at room temperature.

Fig. 14. — The dependence of the ageing components of the glide resistance and of the strain rate
sensitivity on the waiting time ¢, (schematic).

asymptotically reaches a saturation value. During plastic flow a constant strain rate is usually
prescribed. Assuming the plastic strain rate to be constant, the waiting time must have, within
a proportionality factor, the same strain dependence as (2. The ageing component of the flow
SITESS, O ,uing, has a dependence on waiting time which is schematically represented in
figure 14 : it increases and saturates for large waiting times. Thus o, increases with strain
until {2 passes through its maximum value and then it decreases towards a saturation value.
This is basically the behaviour obtained in figures 11 and 12 where a slight decrease of the
ageing peak is observed at large strains.

In figure 14 is also plotted the dependence of the ageing component of the SRS on the
waiting time, as given by :

Sageing(tw) = '(ao'ageing/a In é)e = - daageing/d In L, . (3)

This dependence is nonmonotonic, so that the strain dependence of the SRS which includes
two nonmonotonic dependences [S(¢,) and ¢, (¢)] may have different shapes according to the
experimental conditions. Most common is the situation depicted in figure 10 : the SRS first
decreases getting negative and further increases with increasing strain. An upper bound of the
PLC range corresponds to the strain at which S turns positive again. A more peculiar case is
met when S,g.;n, (¢) exhibits two minima, so that two separated PLC ranges are possible. It
provides a critical check for the present interpretation of strain effects through the
investigation of the critical strains for the onset and disappearance of jerky flow onmn
deformation curves [2].

Figure 15 reproduces serrated stress-strain curves obtained at room temperature for a
quaternary Al-Li-Cu-Mg alloy. As already mentioned, the critical conditions for a bifurcation
from uniform to nonuniform flow (or vice versa) are met when the strain is such that.the total
SRS passes through zero (or as already mentioned, attains a small negative value). We
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Fig. 15. — Serrated deformation curves in an Al-Li-Cu-Mg alloy at room temperature : a) A stress-
strain curve exhibiting a lower and an upper critical strain (§ = 1.75 x 107°s™!), b) A curve showing
two regions of jerky flow separated by a smooth region (¢ =2 x 10~°s~'). After [2].

express the critical condition by setting S equal to zero:
SO + Sageing('gc) =0. (4)

Since S,geing(£) may have two distinct minima, the number of critical strains can in theory be
as large as four, although in practice some of the critical strains may be too small or too large
to be recorded. In figure 15b, three critical strains are obtained and a small domain of uniform
flow, which is very sensitive to temperature and strain rate, is observed at large strains. Other
examples and an investigation of all the possible cases and of their dependence on
experimental conditions (solute concentration, temperature, strain rate) are given in
reference [24]. It follows from this model that the strain dependences of static and dynamic
strain ageing can be qualitatively described in full detail without involving any assumption of a
possible effect of deformation-induced vacancies. The nature of the diffusional mechanism of
substitutional solutes has not been completely clarified, however, and contradictory evidences
are still being debated.

5. Strain rate effects.

Several effects arise from the anomalous strain rate dependence of o ,pein, and Sypeiny (cf.
Figs. 1 and 14), which we report here without going into detail. Because o, is strongly
strain rate-dependent, the experimental measurement of the SRS, e.g. through a strain rate
change, depends on the values of the initial and final strain rates as shown by Diehl, Springer
and Schwink [25]). In addition, transient effects appear during upwards strain rate changes
which are due to the fact that the equilibrium solute concentration on dislocation lines cannot
instantaneously adjust to the new strain rate [26]. As a result, the apparent SRS which is
experimentally measured in conditions of dynamic strain ageing differs from the « true » SRS.
For instance in figure 10 the apparent SRS of the Ti-O alloy becomes negative at 673 K within
a small strain interval. No serrated flow is however recorded in this interval. This is in accord
with the statement that the (apparent) SRS must drop below a small negative value for jerky
flow to occur.

The measurements of the SRS during jerky flow also lead to some difficulties and
controversies [27, 28], although it is now widely recognized that microscopically meaningful
values cannot be measured directly since they correspond to unstable dislocation states. What
is measured in practice is the response of the critical stress for a stress drop or of the depth of
the drops (serration amplitude) to a change in strain rate. These two quantities have similar
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Fig. 16. — The strain rate dependence of serration amplitude, o, in an Al-Mg alloy strained at room
temperature. After [30].

Fig. 17. — The strain dependence of PLC serrations in a quaternary Al-Li-Cu-Zr alloy for various
applied strain rates. A vertical section of these curves yields a strain rate dependence similar to the ones
of figures 16, 18 and 20. After Huang and Gray [31].

strain rate dependences because the lower stress level of serrations, which corresponds to the
repinning of mobile dislocations by solute atoms, is rather constant.

As has been shown in section 2 (cf. Fig. 2) jerky flow occurs, at a given temperature, within
a range of strain rates. Most of the experimental observations, starting with the work of
Cuddy and Leslie [29] on substitutional solutions of iron, show a very characteristic
behaviour. When the strain rate is increased from low values in the stable domain, serrated
flow sets in abruptly with a large amplitude. With increasing strain rate, this amplitude
remains rather constant or slowly decreases but further drops rather steeply. At the upper
strain rate limit, jerky flow disappears with a vanishing amplitude. This is illustrated by
figure 16, in the case of a classical alloy, Al-Mg, [30] and by figure 17 which is reproduced
from a recent study on quaternary Al-Li based alloys {31]. In both figures 16 and 17, the
serration amplitude appears to have a negative strain rate sensitivity.

This effect can be understood as follows [32]. During the reloading which follows a stress
drop, the specimen is being strained uniformly and its deformation is partly elastic and partly
plastic. The effective stress on mobile dislocations increases with time and its variation during
a waiting time can no longer be neglected at high applied strain rates. In addition to the
mechanisms of activation and ageing (cf. Fig. 1), one has to take into account this « loading »
effect. At low strain rates, the influence of loading is negligible and the critical stress for
breaking through the forest obstacles is almost strain rate independent. As the strain rate
increases, the increase in effective stress during a waiting time progressively prevails over the
increase in glide resistance produced by ageing, and the critical stress for the amplitude of a
serration decreases. At the upper limit of the PLC domain, breaking through the forest
obstacles occurs by dislocations denuded of their solute atmospheres since only a vanishingly
small concentration of solute atoms can accumulate on the dislocation lines within the
correspondingly small waiting times.

Quite interestingly, a very similar phenomenon seems to be associated with stick-slip
mechanisms. Stick-slip instabilities derive from the particular dynamic properties of dry
friction [33]. The friction stress opposing the sliding of two surfaces past each other depends
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on the relative sliding velocity : for small sliding velocities, dynamic friction decreases below
the level of static friction and further increases for larger velocities. Within a certain domain
of velocities, the sensitivity of the friction stress to the velocity is negative and the relative
displacement of the two surfaces is jerky. This instability mechanism belongs to the same
general class (relaxation oscillations) as the one associated with the PLC effect [34]. Stick-slip
has been observed in particular in composite materials (see [35] and references therein), in
cases where the (hard) fibers have to accomodate the plastic deformation of a ductile matrix
by interfacial glide. To investigate this phenomenon, experiments have recently been
performed [35] on a model composite material, made of a copper wire embedded in a
cylindrical epoxy matrix. Figure 18 shows a plot of the stick-slip amplitude as a function of the
velocity with which the wire is pulled out from the matrix. The striking similarity with the
effect discussed above (see also Fig. 20 below) is not understood to date.

Finally, figures 19 and 20 are reproduced from the work of Gentzbittel [36] on the cyclic
deformation of a binary Al-Li alloy. The stress-strain cycle exhibits distinct serrations, whose
amplitude is plotted in figure 20 as a function of the applied strain rate. It seems, of course,
attractive to interpret this behaviour as a manifestation of the PLC effect caused by the
diffusion of Li atoms [37, 38, 31]. An alternative explanation has, however, been proposed
[36]. There is experimental evidence that a softening mechanism associated with the repeated
shearing and dissolution of &' (Al;Li) coherent particles induces strong localizations of plastic
flow [39] which can be held responsible for the occurrence of serrations. At low strain rates,
the dissolved species have time to precipitate during reloading so that the critical stress for the
onset of localized slip is not strain rate dependent. At larger strain rates, the loading effect
gets faster than precipitation so that the bands get increasingly softer with increasing strain
rates. Therefore, this model may be considered as a variant of a DSA mechanism where
precipitation replaces ageing effects, while loading and activation mechanisms are still
operative. The net result is the same as that discussed above, viz. a negative apparent SRS.
This example, which is not discussed here in full detail, illustrates some difficulties often met
with advanced materials. The improvement of strength, e.g. through precipitation hardening,
results in the presence of elements dissolved in the matrix. The concentration of these
elements depends on prior treatments and is not precisely known, except if atom-probe
microanalysis can be performed. As a result, both strain and strain rate softening mechanisms
can cooperate to significantly reduce the ductility.
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Fig. 18. — The dependence of load drop amplitude, 8P, on cross-head velocity, v, during the pull-out of
a fiber in a model composite material. After Cook et al. [35].
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Fig. 19. — A deformation cycle exhibiting instabilities during the fatigue of a binary Al-Li alloy at room
temperature and with a constant plastic strain amplitude of Ae /2 = 2 x 1073 After Gentzbittel [36].
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Fig. 20. — Frequency dependence of the amplitude of the instabilities shown in figure 19. After
Gentzbittel [36).

6. Concluding remarks.

Although the arguments presented here are essentially qualitative, they can be brought into
semi-quantitative form. The main features associated with static and dynamic strain ageing
are now reasonably understood owing to a synergy between the continuation of fundamental
studies and the emergence of new classes of alloys with an increased demand for a better
control of mechanical properties. Emphasis has been put on the detrimental effect of DSA on
the ductility of alloys and on the characteristic strain and strain rate dependences which can be
used for characterizing these phenomena. An item which has not been examined to date is a
possible correlation between loss of fracture toughness and DSA. It should be addressed in
future studies aiming at designing novel high-performance materials.
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